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Abstract 
The mechanism of damage to a liquefied petroleum gas (LPG) vessel caused by heat radiation was explored, the pressure and the burst 
pressure of the vessel with a protective layer of polyvinylchloride (PVC) resin were investigated, and a criterion for the failure of the LPG 
vessel was proposed. The industrial site of Nanjing Refinery was used for the case study, and the effect of the protective layer of PVC 
resin on the failure of the LPG tank was analyzed. The results showed that the rate of the rise in pressure was significantly reduced by the 
protective layer and that the time of failure increased rapidly according to the thickness of the protective layer. A highly reliable 
correlation between the time of failure and the thickness of the protective layer of PVC resin was developed by data fitting. As the 
theoretical basis for the design of the protective layer of the LPG vessel, a criterion for avoiding the failure of the LPG vessel and the 
domino effect was proposed to be when the time of failure was larger than the duration of the heat radiation. 
© 2013 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Asia-Oceania Association for Fire Science 
and Technology. 
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Nomenclature 
Ail inner surface area of the liquid part of the LPG vessel (m2) 
Aiv inner surface area of the gas part of the LPG vessel (m2) 
Aom average surface area of the LPG vessel (m2) 
Aoml average surface area of the LPG vessel for the liquid part of LPG in the vessel (m2) 
Aomv average surface area of the LPG vessel for the gas part of LPG in the vessel (m2) 
Ap outer surface area of the protective layer of PVC resin (m2) 
Apl outer surface area of the protective layer of PVC resin for the liquid part of LPG in the vessel (m2) 
Apm average surface area of the protective layer of PVC resin (m2) 
Apml average surface area of the protective layer of PVC resin for the liquid part of LPG in the vessel (m2) 
Apmv average surface area of the protective layer of PVC resin for the gas part of LPG in the vessel (m2) 
Apv outer surface area of the protective layer of PVC resin for the gas part of LPG in the vessel (m2) 
A1, B1, C1 Antoine constants depending on the medium properties 
cl   value of the specific heat capacity of the liquid part of LPG (J/(kg K)) 
cv  value of the specific heat capacity of the gas part of LPG (J/(kg K)) 
D  average diameter of the LPG vessel (m) 
Fv  increasing coefficient of the vessel volume (1/Pa) 
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Kc  coefficient of heat convection between the air and the outer surface of the protective layer of PVC resin 
(W/(m2 K)) 
Kil coefficient of heat convection between the inner surface of the LPG vessel and the liquid part of LPG 
(W/(m2 K)) 
Kiv coefficient of heat convection between the inner surface of the LPG vessel and the gas part of LPG 
(W/(m2 K)) 
Kr coefficient of radiation between the air and the outer surface of the protective layer of PVC resin (W/(m2 
K)) 
m LPG mass (kg) 
ml value of the mass of the liquid part of LPG (kg) 
mv value of the mass of the gas part of LPG (kg) 
p pressure in the LPG vessel (Pa) 
pb  burst pressure of the LPG vessel (Pa) 
pr pressure corresponding to the temperature Tr (Pa) 
Q  heat transferred from the air to the outer surface of the protective layer of PVC resin (W) 
Ql, Qv the respective values of the heat transferred to the liquid and gas parts of LPG (W), (Q = Ql + Qv) 
T temperature in the LPG vessel (K) 
Tl  temperature of the liquid part of LPG (K)   
Tr  temperature corresponding to the density of LPG  (K) 
Tsi(in)   temperature of the inner wall of the LPG vessel (K) 
Tsi(out)   temperature of the inner wall of the LPG vessel (K) 
Tsm(in)  temperature of the inner surface of the protective layer of PVC resin (or the temperature of the outer wall 
of the LPG vessel) (K) 
Tsm(out) temperature of the inner surface of the protective layer of PVC resin (or the temperature of the outer wall 
of the LPG vessel) (K) 
Tso(in)  temperature of the outer surface of the protective layer of PVC resin (K) 
Tso(out)  temperature of the outer surface of the protective layer of PVC resin (K) 
Tv temperature of the gas part of LPG (K) 
Tw  temperature of the wall of LPG vessel (K) 
T0  ambient temperature (K) 
t heating time of the LPG vessel (s) 
tf  failure time of the LPG vessel (s) 
tlast duration of the heat radiation (s) 
V             LPG vessel volume (m3) 
Greek symbols 
1 compression coefficient of the included medium (1/Pa) 
1 coefficient of the linear expansion of the vessel material (1/K) 
2 coefficient of the volume expansion of the included medium (1/K) 
 value of the thickness of the wall of the LPG vessel (m) 
p value of the thickness of the protective layer of PVC resin (m) 
 thermal conductivity of the constitutive material of the wall of the LPG vessel (W/(m2 K)) 
p thermal conductivity of the constitutive material of the protective layer of PVC resin (W/(m2 K)) 
  density of LPG (kg/m3) 
T  density of LPG under the temperature T (kg/m3) 
s
T yield strength of the constitutive material of the vessel under the temperature Tw (Pa) 
Subscripts 
(in) the direction that the heat is transferred from the air to the LPG vessel 
(out) the direction that the heat is transferred from the LPG vessel to the air 
 
1. Introduction 
In chemical process industries, an accidental event that starts at one unit may damage another by heat radiation, blast 
waves or projectiles. Furthermore, in a domino effect, a fire can threaten other sites located in the vicinity by heat radiation 
and lead to more severe consequences [1, 2]. Heat radiation is one important cause of the domino effect on chemical process 
equipment [3–8]. 
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Some research has studied the hazards of the domino effect caused by heat radiation, ranging from the threshold value of 
damage to probit models [1–14]. Cozzani et al. [4] investigated escalation thresholds in domino accidental events caused by 
heat radiation. Probit models representing the correlation between the damage probability, the heat flux from different 
categories of fires, and the geometric features of the target vessels and their failure time were developed by data fitting, in
which two categories of equipment were suggested [2, 6]. In view of this previous research, the industrial site of the Nanjing
Refinery was used for the case study, and the protective layer in the passive protective measures was considered in order to
investigate the effect on the failure of the liquefied petroleum gas (LPG) vessel, which was caused by heat radiation. In
current engineering practice, polyvinylchloride (PVC) resin, which has great development and application value, was
considered because of its high heat resistance, high mechanical strength (good flexibility), easy processing, low cost,
environmental benefits, high chemical stability, anti-static effect, and long saving time [15]. The mechanism of the damage
to the LPG vessel caused by heat radiation was investigated to consider the protective layer of PVC resin, the pressure of the
LPG vessel with the protective layer of PVC resin, and the burst pressure. The results were compared with those for vessels
without protective measures. The correlation between the failure time of the LPG vessel and the thickness of the protective
layer of PVC resin was then developed by data fitting. Finally, as the theoretical basis for the design of the protective layer,
the criterion for avoiding the failure of LPG vessel and the domino effect was proposed.
2. Investigation of the mechanism of damage to a LPG vessel with a protective layer of PVC resin caused by heat
radiation
2.1. Mechanism of damage to LPG vessel caused by heat radiation
For pressurized vessels containing dangerous mediums (e.g., LPG vessel), failure caused by heat radiation can be due to
the following factors:
The pressure inside the vessel increases as the dangerous medium absorbs heat.
The strength of the material of the vessel wall decreases according to the wall temperature raised by the heat radiation.
The failure of the LPG vessel is caused simultaneously by the above two factors. As the time of the heat radiation
increases, the deformation of the constitutive material of the vessel occurs. When the increasing pressure on the LPG vessel
reaches the burst pressure corresponding to the ultimate strength of the vessel material, cracks initiate in the weak parts of 
the device and then propagate along any direction. Finally, the LPG vessel is destroyed, resulting in structural damage,
followed by loss of containment and the leakage of LPG, which can cause various severe secondary accidents. This study
focuses on the above two categories of the mechanism, respectively.
2.2. Pressure inside LPG vessel with protective layer of PVC resin
When the LPG vessel with a protective layer of PVC resin is located in a fire environment, the heat is transferred from
the air to the surface of the protective layer of PVC resin. It then permeates the protective layer, reaches the surface of the
vessel, and passes through the vessel to the medium (LPG, both liquid and gas). Finally, the LPG absorbs the heat and its
temperature rises (see Fig. 1). 
The protective layer of PVC resin can resist heat transfer to the LPG vessel, but it also can keep the heat from
transferring outside the LPG vessel. Hence, the heat will continue to transfer from the LPG medium to the inner wall of the
vessel. It will pass through the vessel wall and reach the inner surface of the protective layer, permeate the protective layer,
and reach the air (see Fig. 1).
(a)       (b)
Fig. 1. Process of heat transfer with protective layer of PVC resin: (a) liquid and (b) gas.
Due to its complexity, the process shown in Fig. 1 was simplified approximately using the following assumptions: 
The temperature of the liquid part of LPG Tl and the temperature of the gas part of LPG Tv were kept uniform.
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 The heat transfer between the liquid part and the gas part of LPG was neglected. 
Based on the above assumptions, the heat transferred from the air to the outer surface of the protective layer of PVC resin 
Q, expressed as 
0 ( ) 0 ( ) 1c r p so in so in c r pQ K K A T T T T K K A    (1) 
When the heat is transferred to the outer surface of the protective layer of PVC resin, it passes through the protective 
layer and the wall of the LPG vessel. Heat Q can be expressed as 
( ) ( ) ( ) ( ) ( ) ( )so in sm in p p pm sm in si in om so in si in p p pm omQ T T A T T A T T A A  (2) 
Afterwards, the heat is transferred to the liquid and gas parts of the LPG contained in the vessel: 
Liquid: 
( ) ( ) 1l il il si in l si in l il ilQ K A T T T T K A     (3) 
Gas: 
( ) ( ) 1v iv iv si in v si in v iv ivQ K A T T T T K A     (4) 
The values of the heat absorbed by LPG can be evaluated by Eqs. (5) and (6): 
Liquid: 
l l l lQ m c dT dt       (5) 
Gas: 
v v v vQ m c dT dt        (6) 
Based on Eqs. (1)–(6), the energy balance equations can be expressed as 
Liquid: 
0 1l l l pl l c r p pl p pml pl oml pl il ilm c dT dt A T T K K A A A A A K A   (7) 
Gas: 
0 1v v v pv v c r p pv p pmv pv omv pv iv ivm c dT dt A T T K K A A A A A K A    (8) 
The solutions Tl and Tv can be obtained using Eqs. (7) and (8). The wall temperature of the liquid and gas portions of 
LPG can then be calculated as follows: 
Liquid: 
( )si in l l il ilT T Q K A       (9a) 
( ) ( )sm in si in l omlT T Q A       (9b) 
Gas: 
( )si in v v iv ivT T Q K A        (10a) 
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( ) ( )sm in si in v omvT T Q A       (10b) 
Hereafter, the heat continues to transfer from the medium (LPG, including liquid and gas) to the air. The heat transfers 
from the liquid and gas parts of LPG contained in the vessel to the inner wall of the vessel: 
Liquid: 
( ) ( ) 1l il il l si out l si out il ilQ K A T T T T K A     (11) 
Gas: 
( ) ( ) 1v iv iv v si out v si out iv ivQ K A T T T T K A      (12) 
When the heat is transferred to the inner surface of the wall of the LPG vessel, it passes through the wall and the 
protective layer of PVC resin. Heat Q can be expressed as 
( ) ( ) ( ) ( ) ( ) ( )si out sm out om sm out so out p p pm si out so out om p p pmQ T T A T T A T T A A  (13) 
The heat transferred from the outer surface of the protective layer of PVC resin to the air is expressed as 
( ) 0 ( ) 0 1c r p so out so out c r pQ K K A T T T T K K A    (14) 
As the LPG absorbs the heat and its temperature rises, the pressure in the LPG vessel also increases. There are two main 
ways for the pressure to rise: 
 When the vessel is not full with LPG, the saturated vapor pressure will increase according to the temperature. 
 When the vessel is full with LPG, the pressure will increase according to the temperature. 
The temperature and the LPG mass in the vessel can be used to confirm the way the pressure rises. If the density of LPG, 
 = m/V< T, the first way is considered; otherwise, the second way is chosen. 
In the first way, the pressure p in the vessel depends on temperature T, and is calculated by the Antoine equation: 
ln 1 1 1p A B T C      (15) 
In the second way, the density of LPG  = m/V. According to temperature Tr corresponding to the density of LPG , the 
pressure pr can be obtained by Eq. (15). Afterwards, the pressure p in the vessel is confirmed by Eq. (16): 
2 1 1 2 1 13 exp 1 1 1 3r v r r v rp p F T T A B T C F T T   (16) 
2.3. Burst pressure of LPG vessel 
The burst pressure of the LPG vessel pb in a fire environment can be obtained by Eqs. (17) and (18) for cylindrical and 
spherical vessels, respectively: 
Cylindrical vessel: 
2 Tb sp D        (17) 
Spherical vessel: 
4 Tb sp D        (18) 
The yield strength sT can be expressed as Eq. (19): 
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1 767 ln 1750 ,0 600
108 1 1000 440 ,600 1000
s w w wT
s
s w w w
T T T
T T T
    (19) 
2.4. Failure criteria for LPG vessel 
The failure criteria can be stated as follows: failure of the LPG vessel occurs when the pressure of the vessel p is equal to 
the burst pressure pb, as stated in Section 2.1. The failure time of the LPG vessel tf can be obtained by Eqs. (9a)–(19). 
Furthermore, if tf is larger than the duration tlast of the heat radiation, both damage to the LPG vessel and domino events can 
be avoided. 
3. Simulation results and analysis 
The industrial site at Nanjing Refinery was used for the case study. Two adjacent units were referenced: (a) an 
atmospheric fuel oil tank (cylindrical); (b) a pressurized LPG tank (spherical) and a pressurized LPG vessel (cylindrical). 
Unit (a) was considered the fire source, and unit (b) as the target. Fig. 2 shows the layout used in the analysis, and Tables 1 
and 2 include a complete list of the vessels, the protective layer of PVC resin, and detailed information. The ambient 
temperature was 293 K. Layout data are shown in Table 3, which reports the distances between the two units. The primary 
scenario of unit (a) was limited to the pool fire, for the sake of simplicity. The centre of the pool fire was assumed at the 
location of unit (a), which was involved in the accidental release of the liquid fuel. It was also considered the centre of the 
pool fire. The shape of the liquid pool is square, and its width is 40 meters. Because the distances between unit (a) and units 
b01 and b02 (113 meters and 105 meters, respectively) were much larger than the width of the liquid pool (40 meters), the 
“far-field” hypothesis was adopted, and unit (a) was considered the point source. The pool fire was considered following a 
catastrophic vessel rupture. Table 3 shows the resulting heat flux in unit (b). 
Table 1. Vessels considered for the case study 
Vessel Type Shape Substance Volume (m3) Degree of filling Vessel radius (m)
a Atmospheric tank Cylindrical Fuel Oil 10000 0.8 20 
b01 Pressurized tank Spherical LPG 120 0.65 3 
b02 Pressurized tank Cylindrical LPG 8000 0.7 16 
Vessel Constitutive material Wall thickness (m) 
Yield strength of 
constitutive material 
(293 K, Pa) 
Constitutive 
material of 
protective layer 
Thickness of 
protective layer 
(m) 
Initial 
temperature of 
the medium (K) 
a Steel 0.012 3×108 — — 293 
b01 Steel 0.010 3.3×108 PVC resin 0.010 293 
b02 Steel 0.012 3×108 PVC resin 0.010 293 
Table 2. Protective layer of PVC resin considered for case study 
 CAS No. Formula Density (kg/m3) 
Thermal 
conductivities 
(W/(m2·K)) 
Flame-
retardant 
value 
Melting 
point (K) 
Index of 
refraction 
Protective 
layer of PVC 
resin 
9002-86-2 C2H3ClX2 
1400 (at 
298 K) 0.21 
larger than 
40 575 1.54 (293 K) 
 
Based on the values of heat flux (as shown in Table 3) and the methods discussed in Sections 2.2 to 2.4, the pressure and 
the burst pressure of b01 and b02 were respectively calculated without and with taking into account the protective layer of 
PVC resin. The results are shown in Fig. 3. Fig. 3(a)(b) indicates that because the pressure of the vessel increased rapidly 
according to the heating time without the protective layer, damage happened when the pressure reached the burst pressure of 
b01 and b02, respectively, corresponding to the time of failure: 14 and 6.4 minutes (Table 3). However, Fig. 3(c)(d) shows 
that the pressure of the vessel increased more slowly with the protective layer than that shown in Fig. 3(a)(b) for b01 and 
b02, and the time of failure reached about two times that for b01 and b02 without the protective layer (24 and 12 minutes, as 
shown in Table 3). Thus, the rate of the pressure rise in the LPG vessel was significantly reduced by the protective layer. 
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Fig. 2. Layout used for the case study. 
Table 3. Distances between units, calculated heat flux and time of failure without or with taking into account the 
protective layer of PVC resin 
 
Distance (m) Heat flux (kW/m2) 
Time of failure (min) Time of failure (min) 
Without protective layer of 
PVC resin 
With protective layer of PVC 
resin 
a a a a 
b01 113 12 14.0 24.0 
b02 105 15 6.4 12.0 
 
The effect of the thickness of the protective layer of PVC resin on the time of failure for b01 and b02 was investigated 
under different values of thickness between 0 and 0.040 meters, according to the values of heat flux (Table 3) and the 
methods discussed in Section 2. The results are shown in Fig. 4. 
Figures 3 and 4 show that the time of failure for b01 and b02 increased rapidly according to the thickness of the 
protective layer of PVC resin. Thus, a highly reliable correlation between the time of failure (tf) and the thickness of the 
protective layer of PVC resin ( p) was obtained for b01 and b02 by data fitting: 
b01    17.7948exp 59.8614f pt     R2 = 0.9958  (20) 
b02    9.4458exp 62.4680f pt    R2 = 0.9947  (21) 
As stated in Section 2.4, the failure of the LPG vessel and the domino effect were avoided under tf tlast (the duration of 
the heat radiation). For the spherical and cylindrical vessels b01 and b02, the criterion for avoiding the failure of the LPG 
vessel and the domino effect are expressed as 
b01     17.7948exp 59.8614 p lastt      (22) 
b02     9.4458exp 62.4680 p lastt      (23) 
In this case, the duration of the heat radiation from unit (a) was defined as 30 minutes. Based on Eqs. (22) and (23), the 
values of the minimum thickness of the protective layer of PVC resin for b01 and b02 were 0.009 and 0.018 meters, 
respectively. Eq. (22) or (23) can be considered the theoretical basis for the design of the protective layer on the LPG vessel. 
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(a)  (b)  
(c)  (d)  
Fig. 3. Pressure versus time for b01 and b02 without and with taking into account the protective layer of PVC resin: (a) b01, without protective layer of 
PVC resin; (b) b02, without protective layer of PVC resin; (c) b01, with protective layer of PVC resin; and (d) b02, with protective layer of PVC resin. 
(a)  (b)  
Fig. 4. Time of failure versus thickness of protective layer of PVC resin: (a) b01 and (b) b02. 
4. Conclusions 
The influence of the protective layer of PVC resin on the failure of the LPG vessel caused by heat radiation was 
investigated: 
 Increasing pressure inside the vessel and the decreasing strength of the wall material, simultaneously, caused the failure 
of the LPG vessel. When the pressure on the vessel reached burst pressure, damage occurred, resulting in structural 
damage followed by loss of containment and leakage of LPG, which could cause various severe secondary accidents. 
 The protective layer of PVC resin significantly reduced the rate of the pressure rise in the LPG vessel. The time of failure 
increased rapidly according to the thickness of the protective layer of PVC resin. A highly reliable correlation between 
the time of failure and the thickness of the protective layer of PVC resin of was developed by data fitting. 
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 As the theoretical basis for the design of the protective layer of the LPG vessel, a criterion for avoiding the failure of the 
LPG vessel and the domino effect was proposed to be when the time of failure was larger than the duration of the heat 
radiation. 
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